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HaemochromatosisQuantitative analysis of the temperature dependent AC magnetic susceptibility of freeze-dried mouse tissues
from an Hfe hereditary haemochromatosis disease model indicates that iron predominantly appears biomi-
neralised, like in the ferritin cores, in the liver, the spleen and duodenum. The distribution of the amount
of ferritin-like iron between genders and genotypes coincides with that of elemental iron and nonheme
iron. Importantly, the so-called paramagnetic iron, a quantity also determined from the magnetic data and
indicative of nonmineralised iron forms, appears only marginally increased when iron overload takes place.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Iron is an essential element required for redox processes in all eu-
karyotes and most prokaryotes. As an atom, iron has the capacity to
accept and donate electrons readily, interconverting between ferric
(Fe3+) and ferrous (Fe2+) forms. This property makes iron a useful
component of cytochromes, oxygen-binding molecules (such as hae-
moglobin and myoglobin) and a variety of enzymes. However, due to
its potency to generate reactive oxygen species, free iron is toxic and
thus nearly all of the iron in the body is stored or complexed into fer-
ritin, haemoglobin or transferrin proteins [1].
In the search for analytical techniques to determine different iron
forms in tissues of patients with iron-related diseases, the magnetic
properties of this element have long attracted attention [2]. It was
known quite early that deoxyhaemoglobin, methaemoglobin and myo-
globin exhibit a measurable magnetic susceptibility (themagnetisation
of the sample divided by the magnitude of an externally applied mag-
netic ﬁeld) whose origin resides on the single ion magnetism of Fe2+M013, The University of West-
ralia. Tel.: +61 864881132.
ospital of Heidelberg, Depart-
olecular Medicine Partnership
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qually to this work.
rights reserved.or Fe3+ incorporated within the prosthetic groups of their molecules
[3–5]. This magnetic behaviour is called paramagnetic and can be iden-
tiﬁed by measuring the static magnetic susceptibility χ whose temper-
ature dependence follows the Curie law χ=C/T, where C is a
constant and T is the absolute temperature. The magnetic behaviour
of the iron ions does also depend on their atomic environment in the
molecule in such away that, e.g., oxyhaemoglobin becomes diamagnet-
ic [6,7]. Electron paramagnetic resonance, another magnetism-based
technique, has also revealed paramagnetism in other iron-containing
proteins, such as cytochromes and transferrin [8].
In the case of the iron storage protein ferritin, the Fe atoms are not
individually coordinated to the organic molecule but mineralised in
the form of oxyhydroxide nanoparticles at the core of the protein
[1]. From the magnetic point of view these nanoparticles behave as
magnetic super-units in analogy to the individual magnetic ions in a
paramagnet. This property is called superparamagnetism, which man-
ifests itself by a static magnetic susceptibility also proportional to the
reciprocal of the absolute temperature (1/T) in the same way as that
of paramagnetism. Nevertheless, superparamagnetic nanoparticles
can be differentiated from paramagnetic compounds by measuring
the AC magnetic susceptibility, which is the alternating current (AC)
variant of the static one. This technique offers in the same experiment
two quantities, namely, the in-phase component (χ′) and the out-of-
phase component (χ″). It is χ″, and especially its temperature depen-
dence proﬁle χ″(T), which is a typical feature to look at for detecting
magnetic nanoparticles and, hence, iron biomineralisation [9].
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structure analysis were applied to quantify ferritin iron and other
mineral iron-containing species. Speciﬁcally, iron supplement drugs
[10,11], magnetic resonance imaging contrast agents [12] or drug de-
livery magnetic nanoparticles [13] may sometimes coexist with ferri-
tin iron in the same tissue. Since all these iron-containing species
exhibit distinguishable contributions to the magnetic susceptibility,
the separate quantiﬁcation of the iron present in these different
forms becomes a feasible option.
Given the fact that the adverse biological functions of iron strongly
depend on its chemical form, there is a great need to investigate the
chemical speciation of this element. This is particularly necessary in
the case of (patho-)physiological conditions with dysregulated cellu-
lar and systemic iron homeostasis, such as iron overload and iron de-
ﬁciency disorders that belong to the most common pathologies across
the globe. In regard to genetic iron overload disorders, the most prev-
alent form is caused by mutations in the Hfe gene [14]. The hallmark
of hereditary haemochromatosis (HH) is increased serum iron levels
and tissue iron deposition that eventually lead to multiple organ
failure/dysfunction if the disease remains untreated. Mice homozy-
gous for the Hfe null allele, and more precisely mice with exclusive
Hfe deﬁciency in hepatocytes, reﬂect the HH phenotype observed in
humans conﬁrming that Hfe-HH arises from a loss of hepatocytic
Hfe function [15–17].
The chemical form of tissue iron, investigated in other iron over-
load diseases [18–20], has rarely been monitored in more detail than
the bare elemental content in genetic models of HH [21]. Therefore,
in this work we have applied AC magnetic susceptibility measure-
ments along with sensitive assays for iron determination, such as el-
emental content from Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) and non-heme iron analysis to address the
qualitative and quantitative distribution of iron containing species.
2. Material and methods
2.1. Mice
Age (8–12 weeks old) and sex-matched wild type (WT) and Hfe-
deﬁcient (Hfe−/−) mice raised on a C57BL/6 genetic background
were used for the analysis [22]. All mice were born and housed in
the SPF animal facility of the EMBL (European Molecular Biology
Laboratory). They were maintained on a standard mouse diet con-
taining 225 mg/kg iron (Teklad 2018 S; Harlan Winkelmann,
Borchen, Germany) on average and a constant dark–light cycle and
allowed continuous access to food. Mice were killed by CO2 inhala-
tion. All mouse breeding and animal experiments were approved
by and in compliance with the guidelines of the Institutional Animal
Care and Use Committee of the EMBL.
Duodenum, liver, spleen, kidney and heart tissues were collected
from WT and Hfe−/−mice and immediately immersed into liquid ni-
trogen with subsequent storage at−80 °C until carrying out the mag-
netic characterisation procedures.
2.2. AC magnetic susceptibility characterisation
The magnetic characterisation was carried out in a Quantum De-
sign MPMS-5S SQUID magnetometer with an AC option that provides
the in-phase χ′ and out-of-phase χ″ components of the magnetic sus-
ceptibility. The measurements were performed in the temperature
range 1.8–300 K, with an AC frequency of 1 Hz and amplitude of
0.45 mT. Adsorbed oxygen that might alter the magnetic behaviour
of the samples was checked and found to be absent in all of them.
For the purpose of AC magnetic characterisation, mouse tissues
were freeze-dried for 48 h in a Heto PowerDry PL3000 equipment
and then transferred into gelatine capsule sample holders. The mass
ranges of dry tissue used for the magnetic characterisation were:125–160 mg for the liver tissues, 18–35 mg for the spleens,
110–150 mg for the duodenum pools, 65–68 mg for the heart pools
and 81–98 mg for the kidney pools.
2.3. Quantiﬁcation of paramagnetic and superparamagnetic iron species
As a standard of paramagnetic and superparamagnetic iron,
human haemoglobin in dry state (Sigma-Aldrich) and mouse liver
ferritin (≈2000 Fe atoms/ ferritin molecule) [23], respectively, were
used.
The quantiﬁcation procedure follows previously proposed guide-
lines [12]. Brieﬂy, to determine the concentration of superparamag-
netic iron, i) the χ″(T) proﬁle per mass of iron of the ferritin
standard has been ﬁtted by an analytical function, ii) then it is
checked that the temperature of the χ″(T) maximum for a given tis-
sue actually coincides with that of the ferritin standard and iii) a mul-
tiple of the χ″(T) continuous line proﬁle of the standard is ﬁtted
(Levenberg–Marquardt algorithm) to the χ″(T) maxima of the tissues.
The multiplication factor obtained for the best ﬁt is the iron concen-
tration in the tissue in a similar form as that of the ferritin core. The
χ″(T) proﬁle is used for this determination, as there are no contribu-
tions to the out-of phase susceptibility proﬁle from paramagnetic
species. The amount of paramagnetic iron in the tissues is calculated
from the χ′(T) proﬁle after the subtraction of the superparamagnetic
iron contribution whose concentration has been previously deter-
mined from the χ″(T) proﬁle.
The χ″(T) proﬁle reﬂects a given size distribution of particles that
have speciﬁc composition and crystalline structure. Therefore, biomi-
neralised iron species different from those of the ferritin cores of the
standard used will show a χ″(T) maximum with either a different lo-
cation in temperature or a different shape. Speaking in these terms,
the χ″(T) proﬁle of the studied tissues, as it will be shown in the re-
sults section, closely resembled that of the ferritin standard, indicat-
ing a very similar iron biomineralisation. Note that whether or not
the biomineralised iron particles are actually contained within intact
ferritin protein shells is something that cannot be determined from
the magnetic measurements. Therefore, for the purpose of consisten-
cy, in what follows, this superparamagnetic species observed in the
tissue samples will be called ferritin-like iron.
2.4. Elemental analysis
The elemental analysis of all freeze-dried tissues was performed
by ICP-AES after an acid microwave digestion using 4:1 (v/v) 65%
HNO3 (w/v) and 30% H2O2 (w/v). For elemental analysis, as well as
for magnetic determinations, the livers and spleens of each geno-
type/gender were analysed in duplicates, duodenum was charac-
terised in pools from six individual mice, and kidneys and hearts in
duplicate pools from three individuals each.
In addition to iron, Zn, Co, Ni, Mn, Cu and P were measured in all
samples by ICP-AES. The content of elements with potentially marked
magnetism was negligible in all the tissues, enabling us to interpret
the AC magnetic susceptibility results as only respective to iron.
2.5. Measurements of tissue nonheme iron content
The nonheme iron content of the tissues was measured by the
method previously described by Torrance and Bothwell [24]. Brieﬂy,
tissues were dried (72 h/42 °C), and digested in 10% TCA (w/v)/10%
HCl (w/v) (48 h/65 °C). Tissue debris was pelleted by centrifugation
(13,000 rpm/5 min). 20 μl of 10× diluted supernatant were added
to 100 μl of chromogenic solution (6 M Na acetate/0.01%(w/v)
bathophenanthroline-disulfonic acid/0.1% (w/v) thioglycolic acid) in
a 96-well plate and incubated for 10 min at room temperature. Absor-
bance (535 nm) was measured in a photometer (SpectramaxPlus,
Molecular Devices). The iron content was calculated using serial
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tion, Sigma-Aldrich).
2.6. Statistical analysis
Data are shown as mean values±standard deviation (SD). Statis-
tical analysis was performed using Student t-test, and p values b0.05
(*), b0.025 (**) and b0.0005 (***) are considered as signiﬁcant.
3. Results and discussion
3.1. Magnetic susceptibility of ferritin and haemoglobin
To standardise the magnetic analysis we initially characterised the
magnetic behaviour of puriﬁed single iron-containing proteins such
as a sample of commercial human haemoglobin and a sample of
mouse liver ferritin [23]. The magnetic susceptibility of haemoglobin
illustrates the concept of paramagnetic iron because χ′(T) follows the
Curie law (Fig. 1A), while χ″ is zero under the experimental resolu-
tion in the whole temperature range (Fig. 1B). Ferritin, on the other
hand, illustrates superparamagnetic iron behaviour because χ′(T)
also follows the Curie law at high temperatures, peaks slightly
above 10 K and decreases with decreasing temperature (Fig. 1A).
The single χ″(T) bell-shaped maximum, with the same magneticFig. 1. AC susceptibility of ferritin and haemoglobin. (A) Temperature dependence of
the in-phase susceptibility component, per mass of elemental Fe, of human haemoglo-
bin (Hgb) and mouse liver ferritin (Ferritin) to illustrate ionic paramagnetism and
nanoparticle superparamagnetism respectively. (B) Temperature dependence of the
out-of-phase susceptibility component of the same molecules. The shape and location
in temperature of the bell-shaped maximum of ferritin constitute the exclusive marker
for nanoparticulate mineral iron at the core of this molecule. In both ﬁgures, the line
has been obtained by joining the experimental points.origin as that of χ′(T), between about 8 K and 10 K, shown by ferritin
(Fig. 1B) is a hallmark of ferritin-like iron.
3.2. Magnetic susceptibility of tissues from Hfe−/− mice
The two components of the AC susceptibility, χ′ and χ″, of liver tis-
sues from Hfe−/− and wild-type mice are depicted in Fig. 2. The out-
of-phase susceptibility (Fig. 2B) is zero within the experimental sen-
sitivity above 40 K, but shows a bell-shaped maximum between
about 8 K and 10 K indicative of ferritin-like iron. At the maximum,
the height of the χ″(T) curve is proportional to the amount of
ferritin-like iron, provided, as in this case, that the temperature of
this maximum corresponds to that of the ferritin standard.
Given that for puriﬁed ferritin χ′ decreases at low temperatures
(Fig. 1A), the low temperature χ′(T) rise, with no associated visible
feature in χ″(T), shown in Fig. 2A indicates the presence of additional
paramagnetic iron in the liver tissues. This iron species can only be
discerned at low temperatures, as its paramagnetic Curie law suscep-
tibility is confounded with the superparamagnetic one at high
temperatures.
The height of the out-of-phase susceptibility maximum corre-
sponding to liver tissues of Hfe−/− mice is signiﬁcantly higher than
for the WT animals. This indicates that Hfe-deﬁcient livers accumu-
late iron predominantly in the form of ferritin-like iron (Fig. 2B). Fur-
thermore Hfe−/− females show higher ferritin-like iron levels than
males, similar to the sex-speciﬁc distribution observed in WT mice.
The magnetic analysis of spleen tissues reveals a remarkably high
χ″(T) maxima for the WT mice compared to Hfe−/− mice (Fig. 2D),
implying an iron-deﬁcient phenotype of the spleen (i.e. of macro-
phages) in Hfe−/− mice. In particular, the female WT and Hfe−/−
mice show a higher χ″(T) maximum than the male counterparts, sug-
gestive of a higher amount of ferritin-like iron present in these
tissues.
The paramagnetic tail that is observed in χ′(T) (Fig. 2A and C) of
the liver and spleen samples indicates the presence of paramagnetic
iron-containing species, very likely in the form of haemoglobin.
Preliminary analysis of magnetic susceptibility of duodenum, kid-
ney and heart tissues from individual mice showed measurements
within the background noise (data not shown). To increase the qual-
ity of the measurements we pooled the respective tissues from WT
and Hfe−/− mice and the results of the magnetic analysis are shown
in Fig. 3. The observation of χ″(T) maxima around 10 K indicates the
presence of ferritin-like iron in the duodenum (Fig. 3B). Both WT
and Hfe−/− animals show a similar amount of ferritin-like iron in du-
odenal tissues, although a tendency to accumulate more iron is ob-
served in male WT compared to Hfe−/− mice. The amount of
paramagnetic iron appears similar for all the analysed groups
(Fig. 3A).
The magnetic susceptibility of kidney and heart tissues indicates
that χ″(T) is practically zero within the intrinsic noise level (Fig. 3D,
F), suggesting that the amount of ferritin-like iron is below the detec-
tion limits of this technique. Those limits, determined from the exper-
imental noise, can though be used to estimate the upper limit for the
possible ferritin-like iron concentration. The content of paramagnetic
iron in kidneys and hearts seems not to differ signiﬁcantly between
the genotypes (Fig. 3C, E).
3.3. Comparative analysis of iron-containing species in Hfe-deﬁcient
tissues
We next compared the results obtained frommagnetic susceptibili-
ty measurements with those obtained from other well-established
techniques such as ICP-AES and nonheme iron content (Fig. 4).
Analysis of the hepatic iron content using ICP-AES reveals signiﬁ-
cantly increased iron levels in Hfe−/−mice compared to WT controls,
further indicating that more iron is present in females than in males.









Fig. 2. AC susceptibility of liver and spleen tissues of Hfe−/−mice. (A) and (B) Temperature dependence of the in-phase (χ′) and out-of-phase (χ″) components of the susceptibility
per mass of sample, of freeze-dried liver tissues. (C) and (D) χ′ (T) and χ″ (T) per mass of sample, of freeze-dried spleen tissues. In all the panels, each curve corresponds to a
representative individual (F = female, M = male) of WT and Hfe−/− mice.
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tion of Cu, Zn or P between WT and KO animals, and the amount of
Co, Mn and Ni was under the detection limits of the technique.
The values of total elemental iron (Fig. 4A) mirror those of ferritin-
like iron in the liver (Fig. 4B) suggesting that most of the iron in the
liver is stored in the same biomineralised form as in the ferritin inor-
ganic nucleus. This result is consistent with the low values of para-
magnetic iron, shown in Fig. 4C and D. In particular, the sum of the
ferritin-like iron (Fig. 4B) and paramagnetic iron (Fig. 4D) should be
similar to the total iron determined by elemental analysis (Fig. 4A).
The difference in the hepatic nonheme iron content between WT
and Hfe−/− mice (Fig. 4E) shows the same trend as the elemental
and ferritin-like iron.
These data reveal an excellent agreement among the three tech-
niques used to quantify different iron-containing species in the
liver. Interestingly, in the spleen, the non-heme iron content is signif-
icantly lower than the total iron and ferritin-like iron (Fig. 4A, B, E).
Thus, the splenic iron content is characterised by the presence of
ferritin-like iron, total iron (as well as ferritin and nonheme iron)
that is signiﬁcantly lower in spleens of Hfe−/− mice than in WT
mice, and a signiﬁcant portion of paramagnetic iron compared to
the liver, likely in the form of haemoglobin.
It is interesting to note that serum ferritin in Hfe-deﬁcient mice is
signiﬁcantly higher than in control mice (102.63±9.29 μg/L vs. 42.2±
4.56 μg/L, pb0.005) suggesting that a correlation between increasedtissue iron-ferritin and serum ferritin levels exists. It is likely that hepa-
tocytes may be a source of serum ferritin in Hfe-HH. As the serum ferri-
tin generally reﬂects body iron status our results would support the
notion that serum ferritin may reﬂect the hepatocytic iron status in
Hfe-HH. By contrast, non-Hfe iron overload disorders may be charac-
terised by the presence of ferritin derived preferentially from macro-
phages, as previously observed in Irp−/−mice [23].
The concentration of paramagnetic iron is not signiﬁcantly differ-
ent between WT and Hfe−/− mice or between genders for the same
tissue (p>0.09). The observation that paramagnetic iron (an impor-
tant representative of nonferritin iron) tends to be enhanced in the
spleen in comparison to the liver (Fig. 4C) appears in agreement
with the presence of haemoglobin in splenic macrophages from
recycled red blood cells, given the speciﬁc biological function of this
organ.
4. Conclusions
With this work we present a thorough and interdisciplinary study
on the iron speciation in different tissues from amurine model of Hfe-
haemochromatosis. Results from the qualitative and quantitative
magnetic determination of different iron-containing forms are consis-
tent with well-established analytical methods. The magnetic mea-
surements are quite suitable and selective for this purpose as the
biogenic iron-containing chemical species show magnetic features














Fig. 3. AC susceptibility of duodenum, kidney and heart tissues of Hfe−/−mice. (A) and (B) Temperature dependence of the in-phase (χ′) and out-of-phase (χ″) components of the
susceptibility, per mass of sample, of freeze-dried duodenum tissues. (C) and (D) χ′ (T) and χ″ (T) per mass of sample, of freeze-dried kidney tissues. (E) and (F) χ′ (T) and χ″ (T)
per mass of sample, of freeze-dried heart tissues. In all of the panels, and due to their lowmagnetic signal to noise ratio, data correspond to age- and sex-matched (F = female, M=
male) WT and Hfe−/− mice tissue pools.
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containing compounds (e.g. iron dextran, iron sucrose [25,26], etc.)
that are often administered to mice for the purpose of studying the
regulation of cellular/systemic iron homeostasis.With these measurements we have found that most iron in Hfe−/−
mice tissues is in the form of ferritin-like iron, while different proportions
of the less abundant non-ferritin iron may be related to the biological
function of each organ.
Fig. 4. Iron speciation in tissues from Hfe−/−mice. Iron contents in the different chemical forms and tissues for the different genotypes/genders (L = liver, S = spleen, D = duodenum,
K = kidney, H = heart, F = female, M = male). (A) Total elemental iron determined by ICP-AES. (B) Magnetically determined ferritin-like iron. (C) and (D) Magnetically determined
paramagnetic iron; these two plots have identical horizontal labelling. (E) Non-heme iron determined by the Torrance–Bothwell method. All the panels, with the exception of (C), use
the same iron concentration scale in order to facilitate the comparison. With the exception of the pool samples, the error bars correspond to the standard deviation of the quantitative
determinations among the replicates (* pb0.05; ** pb0.025, *** pb0.0005). Ferritin-like iron contents for kidneys and hearts should be understood as upper limit values (see explanation
in Section 3.2 of the text).
1152 L. Gutiérrez et al. / Biochimica et Biophysica Acta 1822 (2012) 1147–1153Given the role of iron in many diseases, the development of proto-
cols to study the iron speciation in tissues may be a key parameter in
the study of the progression of diseases or the development of new
diagnostic techniques.
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